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Since very few Type-I superconductors are known and most are elemental superconductors, there
are very few experimental platforms where the interaction between Type-I superconductivity and
topologically nontrivial band structure can be probed. The rhenium aluminide Al6Re has re-
cently been identified as a Type-I superconductor with a transition of 0.74 K and a critical field
of ∼50 Oe. Here, we report its magnetotransport behavior including de Haas-van Alphen (dHvA)
and Shubnikov-de Haas (SdH) oscillations. Angular dependence of the magnetoresistance reveals a
highly anisotropic Fermi surface with dominant hole character. From the strong oscillatory compo-
nent ∆Rxx in high magnetic fields up to 33 T, the Landau index infinite-field intercept in the case
of a single oscillation frequency, and the phase factor ϕ where multiple frequencies coexist, are both
∼1/4. This intermediate value is suggestive of possible nontrivial band topology but does not allow
strong conclusions.
INTRODUCTION
Topological materials have attracted tremendous inter-
est in condensed matter physics, since their low energy
excitations are massless Dirac or Weyl fermions origi-
nally introduced in high energy physics [1, 2], and be-
cause their spin-split band dispersion offers high-fidelity
spin transport with minimal scattering, which is expected
to be indispensible for spintronics. Such materials are
characterized by the number and the type of all of their
band crossings [1–3]. One particularly interesting class
of topological materials is topological semimetals, which
can be further classified into nodal-point and nodal-line
semimetals based on the degeneracy and dimensional-
ity of their nodes, with effective Hamiltonians for Weyl
and Dirac fermions given by the Weyl and gapless-Dirac
equations, respectively [4, 5]. In Dirac semimetals, the
conduction and valence bands cross at unique points in
the Brillouin zone (Dirac points) with linear energy dis-
persion. The Dirac node is fourfold degenerate and can
split into two doubly-degenerate Weyl nodes with oppo-
site chirality through symmetry breaking in momentum
space [1, 2]. Unlike the discrete points in Dirac or Weyl
semimetals, the band crossings in nodal-line semimetals
form closed loops [3]. The topological semimetal fam-
ily exhibits a wide range of exotic and potentially useful
properties, such as a high charge carrier mobility, large
magnetoresistance (MR), and the chiral anomaly [1, 2, 6].
The interactions of topologically nontrivial band struc-
ture with superconductivity, in topological superconduc-
tors (TSCs), is of particular interest. TSCs have a full
gap in the bulk and Majorana fermion states on the sur-
face which can be used for high-performance electronics
and quantum computing [7, 8]. Despite intense effort
both in attempting to make topological materials super-
conduct and in identifying known superconductors that
may have nontrivial band topology, few topological su-
perconductor candidates have been identified, the most
notable ones being FeTe0.55Se0.45 [9], CuxBi2Se3 [10],
and (Li0.84Fe0.16)OHFeSe [11]. These are typically Type-
II superconductors, which can host additional Majorana
modes inside vortex cores. Candidate Type-I TSCs are
exceedingly scarce.
Recently, we reported Type-I superconductivity in
Al6Re with a superconducting transition temperature Tc
of 0.74 K and a critical field Hc of ∼50 Oe [12]. Magneti-
zation, ac susceptibility, and specific heat data identified
Al6Re as a Type-I superconductor. Most of the pure
elemental superconductors are Type-I, but only around
a dozen superconducting compounds are known to be
Type-I. Having identified Al6Re as a rare Type-I su-
perconductor, we turn to the question of whether any
topologically-nontrivial band features could make it an
even rarer example of a Type-I topological superconduc-
tor. Recently, Zhang et al. reported an effective and
fully automated algorithm to sweep through the pub-
lished crystal structures of all non-magnetic materials,
obtaining their topological invariants, and 8056 mate-
rials were suggested to possess nontrivial band topol-
ogy [13]. The resulting online band structure calculation
database posits that Al6Re should be a high-symmetry-
point semimetal (HSPSM) with relevant band crossings
at the R, T and Γ points [14]. The addition of spin-
orbit coupling changes the topological invariants, but not
the classification of Al6Re as a HSPSM, nor the high-
symmetry points at which the band crossings occur. To
check whether Al6Re is topologically nontrivial, we per-
formed magnetotransport measurements on Al6Re single
crystals.
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FIG. 1. (a) Crystal structure of Al6Re. Blue and orange
spheres represent Re and Al atoms, respectively. The Re
atoms are located at the centres of Al cages. (b) X-ray diffrac-
tion pattern from a large flat surface of the Al6Re single crys-
tal, identifying it as (110). Left inset: optical micrograph of
Al6Re single crystals placed on a 1 × 1 mm2 grid. Right in-
set: X-ray rocking curve of the (220) Bragg peak with a full
width at half maximum of 0.07◦. (c) Longitudinal resistivity
of Al6Re in zero magnetic field. (d) Transverse Hall resistivity
of Al6Re; the red line represents a linear fit.
In this paper, we report de Haas-van Alphen (dHvA)
and Shubnikov-de Haas (SdH) quantum oscillations on
Al6Re. A magnetoresistance of 3000 % at 33 T has been
observed, which is larger than that for conventional met-
als [15], while its angular dependence reveals a large
and extremely anisotropic Fermi surface (FS). From the
strong oscillatory component ∆Rxx, we obtained the lin-
ear dependence of the Landau index n on 1/B, and the
Berry phase is further analyzed.
EXPERIMENTAL
Single crystals of Al6Re were grown from Al flux as
described in detail elsewhere [12]. The as-grown single
crystals are hollow square tubes [see the left inset in
Fig. 1(b)]. For electrical transport and magnetic suscep-
tibility measurements, a hollow single crystal was split
to obtain a single isolated side, and then the sample was
cut into a bar shape 1.0 × 0.6 × 0.05 mm3 in size for
electric transport. A standard four-probe method was
used for the longitudinal resistivity measurement, with
the current applied in the (110) plane. Data at 0.3 K
and above 1.5 K were collected in a 3He and a 4He cryo-
stat, respectively. Magnetic susceptibility measurements
were performed in a Quantum Design magnetic property
measurement system (MPMS, Quantum Design). High-
field measurements were performed at the Steady High
Magnetic Field Facilities, High Magnetic Field Labora-
tory, Chinese Academy of Sciences, in Hefei.
RESULTS AND DISCUSSION
Figure 1(a) shows the crystal structure of Al6Re. The
material has a MnAl6-type structure with space group
Cmcm (# 63), and each rhenium atom has ten alu-
minum neighbors [16]. Figure 1(b) shows the X-ray pow-
der diffraction pattern from a large flat side of the Al6Re
single crystal — only (hh0) Bragg peaks appear. The
full width at half maximum (FWHM) of the (220) peak
is 0.07◦ (right inset), indicative of the high quality of our
Al6Re single crystal. Figure 1(c) presents the longitudi-
nal resistivity of a Al6Re single crystal in zero magnetic
field. The residual resistivity ratio (RRR) ρ300K/ρ0 =
370 with ρ0 = 0.04 µΩcm, where the low residual con-
tribution and large RRR further demonstrate the high
quality of our single crystal.
Figure 1(d) plots the transverse Hall resistivity of
Al6Re at 2 K. These data are more noisy due to the
small absolute value of the Hall resistivity and the in-
strumental resolution, but it can be seen to exhibit a
roughly linear dependence. The slope of the Hall resis-
tivity is positive, indicating that hole carriers dominate
the transport. An approximate linear fit to the Hall re-
sistivity, respresented by the red line in Fig. 1(d), yields
an estimated carrier mobility of 2.0×103 cm2V−1s−1 and
a carrier concentration of 3.4× 1021 cm−3. For the topo-
logical Dirac semimetal Cd3As2, the dominant charge
carriers are electronlike, and the carrier concentration is
5.3×1018 cm−3 while the mobility is 4.1×104 cm2V−1s−1
[17]. The much higher carrier concentration in Al6Re
indicates that Al6Re is a good metal with substantial
electron density at the Fermi level, independent of its
topological properties.
In topological semimetals, a large MR and pi Berry
phase are generally observed [1], and these are often
taken as strong evidence suggesting topologically non-
trivial band structure. As shown in Fig. 2(a), Al6Re
has an unsaturated MR of ∼1250 % at 13 T and 0.3 K
with an evident SdH oscillation. On warming, the MR is
gradually suppressed. In our previous report, we found
evidence that the superconducting critical current Jc of
Al6Re is extremely low [12], and the excitation of 1 mA
used here is sufficient to completely squelch the super-
conductivity, i.e. the MR measurements were conducted
exclusively in the normal state. We extracted the oscilla-
tory component ∆Rxx [Fig. 2(b)] from Rxx by subtract-
ing a smooth background. By analyzing the oscillatory
component via fast Fourier transform (FFT), frequency
components at F = 1321 and 2629 T were identified, the
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FIG. 2. Quantum oscillations in Al6Re. (a) Magnetoresistance at various temperatures, showing SdH oscillations. (b)
The oscillatory component ∆Rxx, extracted from Rxx by subtracting a smooth background, as a function of 1/B at various
temperatures. (c) FFT results for SdH oscillations at various temperatures. (d) FFT amplitude vs. temperature for SdH. The
solid line represents the Lifshitz-Kosevich formula fit. (e) dHvA oscillations of the magnetization at various temperatures.
(f) The oscillatory component ∆M , extracted from M by subtracting a smooth background, as a function of 1/B at various
temperatures. (g) FFT results for dHvA oscillations at various temperatures. (h) FFT amplitude vs. temperature for dHvA.
The solid lines represent the Lifshitz-Kosevich formula fits.
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FIG. 3. Angular dependence of quantum oscillations. (a,b) SdH oscillation of magnetoresistance; the inset is a schematic
illustration of the experimental geometry and the angle θ. (c,d) The oscillatory components ∆Rxx as a function of 1/B. (e,f)
FFT results. The angular dependence of these frequencies is plotted in (g), where error bars represent the full widths at half
maximum of the FFT peaks. (h) Polar plot of the magnetoresistance in several magnetic fields.
4latter being the second harmonic of the former. The
band having a frequency of 1321 T is referred to here
as the α band. Employing the Onsager relation F =
(~/2pie)AF , the extremal cross-sectional area AF of the
α band’s Fermi surface is determined to be a relatively
large 0.127 A˚−2.
The SdH oscillation amplitude can be described by the
Lifshitz-Kosevich (LK) formula [17–19]:
∆ρxx ∝ 2pi
2kBT/~ωc
sinh(2pi2kBT/~ωc)
e−
2pi2kBTD
~ωc cos 2pi
(
F
B
+
1
2
+ β
)
,
where ωc = eB/m
∗ is the cyclotron frequency and
TD is the Dingle temperature. The Berry phase 2piβ
will be discussed later. The energy gap ~ωc can
be obtained from the thermal damping factor RT =
2pi2kBT/~ωc/sinh(2pi2kBT/~ωc). The best fit to the
data, shown in Fig. 2(d), yields ~ωc ≈ 2.18 meV. The
cyclotron effective mass m∗ of Al6Re can be obtained
through this fit, resulting in m∗ = 0.49(2)m0.
We also checked for quantum oscillations in the mag-
netic susceptibility of our Al6Re single crystal — Fig. 2(e)
plots the dHvA oscillations of Al6Re at various temper-
atures. Figure 2(f) shows the oscillatory component of
the magnetization, extracted by subtracting a smooth
background as was done for the SdH oscillations. A
fast Fourier transform revealed two oscillation frequen-
cies — 90 and 1274 T. The observation of an additional
frequency in dHvA, which we refer to as the β band,
may be due to the anisotropic Fermi surface of Al6Re.
The magnetization oscillations in a Dirac system can also
be described by the LK formula [20], with the effective
mass m∗ again obtainable through a fit of the tempera-
ture dependence of the oscillation amplitude to the ther-
mal damping factor RT , as shown in Fig. 2(h). The ob-
tained effective masses are 0.255(6) and 0.435(5)m0 for
90 and 1274 T, respectively, and we note that the val-
ues from SdH and dHvA for the α band are in reason-
able agreement. The cross-sectional areas of the corre-
sponding Fermi surfaces are determined to be 0.0086 and
0.122 A˚−2 for the 90 and 1274 T oscillations, respectively,
indicating a complicated Fermi surface. Note that the ob-
tained effective masses are heavier than some topological
semimetals such as Cd3As2 (∼ 0.044 m0) [17], but lighter
than some others such as PtBi2 (∼ 0.68 m0) [21, 22].
To better reveal the Fermi surface anisotropy of Al6Re,
we performed angle-dependent MR measurements at 1.5
K. Here, θ represents the angle between magnetic field
B and the [110] axis, as drawn schematically in the in-
set of Fig. 3(a). The MR is clearly anisotropic, but is
saturated under higher magnetic field. Around 45◦, an
obvious additional oscillation frequency emerges, which
we refer to as γ. Figures 3(c) and (d) show the SdH os-
cillations at different angles after subtracting a smooth
background. SdH oscillations can be observed at all an-
gles but with varying frequency and intensity, indicating
an anisotropic three-dimensional (3D) Fermi surface. We
extracted the FFT frequencies at all angles [Figs. 3(e)
and (f)], and the angular dependence of all frequencies is
plotted in Fig. 3(g). We find that the new oscillation fre-
quency γ branches off a cusp in α. The frequencies have
a nonmonotonic angular dependence, indicating the pres-
ence of complex Fermi surface contours. We cannot fit
the angular dependence of the frequencies using a stan-
dard 2D or 3D ellipsoidal Fermi surface model, further
indicating that the Fermi surface of Al6Re is quite com-
plex. Figure 3(h) presents the angular dependence of the
isothermal MR, which exhibits a “butterfly” shape. This
pattern exhibits twofold rotational symmetry as expected
for an orthorhombic lattice, but the Cmcm space group
also has mirror planes which are not reflected here.
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FIG. 4. Berry phase in Al6Re. (a) Landau index n plotted
against 1/B for the SdH oscillations at 22.5◦ and 67.5◦. Lines
represent linear fits. Inset shows the extrapolation of 1/B to
zero — the intercepts lie around 1/4. (b) and (c) show SdH
oscillations at 0◦ and 37.5◦, respectively. The solid red lines
represent fits to multiple Lifshitz-Kosevich functions [20, 23,
24]. (d) Angle dependence of the phase factor ϕ as discussed
in Ref.[24].
We now return to the Berry phase. A nontrivial Berry
phase is generally considered to be key evidence for Dirac
fermions and has been observed in other Dirac materials.
For those topological semimetals with a single oscillation
frequency, for example Cd3As2 [17], the Landau index
can be directly extracted by linearly fitting the peaks and
valleys in ∆Rxx as a function of 1/B in the Landau-level
fan diagram. However, for multi-frequency topological
semimetals, for example ZrSiX (X = S, Se, Te) [20, 23],
the maxima of ∆Rxx do not correspond to the maxima
of particular components with different frequencies, so it
is inappropriate to determine the Berry phase in a multi-
5component oscillation through the Landau-level fan dia-
gram. According to the angle-dependent MR measure-
ments shown in Fig. 3, there are only a single frequency
(α) and its harmonic (2α) at 22.5◦ and 67.5◦. Figure 4(a)
displays Landau index plots for the MR at 22.5◦ and
67.5◦. At this angle, we can assign integer indices to
the ∆Rxx peak positions in 1/B and half-integer indices
to the ∆Rxx valleys. According to the Lifshitz-Onsager
quantization rule AF (~/eB) = 2pi(n+ 1/2 + β + δ), the
Landau index n is linearly dependent on 1/B. 2piβ is
the Berry phase, and 2piδ is an additional phase shift re-
sulting from the curvature of the Fermi surface in the
third dimension. δ varies from 0 for a quasi-2D cylin-
drical Fermi surface to ± 1/8 for a corrugated 3D Fermi
surface, thus values around −1/8 to 1/8 are generally
associated with nontrivial band topology in 3D, while
intercepts around 3/8 to 5/8 indicate trivial band topol-
ogy. Our data points in Fig. 4(a) fall into very straight
lines allowing reliable extrapolations to infinite field, and
the intercepts of 0.27± 0.02 for 22.5◦ and 0.23± 0.02 for
67.5◦ fall in the range between 1/8 and 3/8, as shown
in the inset of Fig. 4(a). These intermediate values are
suggestive of a nontrivial Berry phase, but do not allow
a strong conclusion. Since the Fermi surface of Al6Re
is quite large, the lowest Landau level accessible in our
experiments is just under 40, so extension of this study
to higher magnetic field would lead to a more accurate
value for the intercept.
Apart from the Landau index fan diagram, the Berry
phase can also be determined directly from a fit to the
LK formula. A multiple-LK function can be used to fit
the multi-component oscillation [20, 23, 24]. Figures 4(b)
and (c) show the SdH oscillations at 0◦ and 37.5◦ fit using
a two-band and a three-band LK formula, respectively.
As one can see, the data are very well fit. The fit at
0◦ yields a phase factor ϕ [24] of −0.021±0.001 for the
α band and 0.26±0.03 for the β band. At 37.5◦, we
obtain phase factors of 0.205±0.001, 0.298±0.005, and
0.295±0.002 for the α, β, and γ bands, respectively. For
free electrons, a phase factor close to the Onsager expec-
tation of 1/2 suggests no Berry phase, while a phase fac-
tor close to zero is indicative of a nontrivial pi Berry phase
[24]. We checked the remaining angles using multiple LK
formulas and excellent fits were obtained for all angles
other than 45 and 52.5◦, where the near-degeneracy of
the α and γ freqencies proved problematic. Figure 4(d)
plots the resulting angle dependence of the phase fac-
tor ϕ for all three frequencies. The values are dispersed
over a wide range around 0.2. The average values and
their standard deviations are 0.22±0.13, 0.25±0.14, and
0.22±0.10 for the α, β and γ bands, respectively. While
values that differ significantly from 1/2 are suggestive
of a deviation from topologically trivial expectations,
and our values are marginally closer to 0 than to 1/2,
these intermediate values and their scatter do not allow
a strong conclusion as to whether Al6Re possesses a non-
trivial Berry phase. Finally, we note that LK fits are
often able to provide other parameters, such as the Din-
gle temperature, but in this case the uncertainties are
even larger on these other quantities. As for the an-
gles with only one frequency, measuring to higher fields
would help. Additional experimental evidence, such as
from angular-resolved photoemission or scanning tunnel-
ing spectroscopy, would also be very useful in resolving
the behavior of Al6Re.
As Zhang et al. pointed out [13], conventional metals
can also be HSPSMs, but these usually have topologically
trivial band structures. However, conventional metals
seldom exhibit MR as large as that in Al6Re. A fam-
ily of transition-metal icosagenides with a body-centered
tetragonal lattice, including the Al-based alloy VAl3, was
proposed to be Lorentz-violating Type-II Dirac semimet-
als [25] with a unique Landau level spectrum. Although
this proposal remains controversial [26, 27], it still pro-
vides a useful point of reference for topology in Al-based
alloys, including Al6Re. Landau index intercepts of 1/8
and 3/8 were observed for different bands in VAl3 [26],
but a topologically trivial explanation was possible for
both values. In the case of Al6Re, we cannot exclude
the possibility that Berry phase values around 0.2 can
also be explained in terms of topologically trivial band
structure.
CONCLUSION
In summary, we report unusual magnetotransport be-
havior in Al6Re by means of de Haas-van Alphen (dHvA)
and Shubnikov-de Hass (SdH) oscillations and angular-
dependent magnetoresistance, revealing signs of a large,
complex, and anisotropic Fermi surface. The Landau in-
dex intercepts and phase factors fall in an intermediate
range around 1/4, which is inconsistent with the expec-
tations for a topologically trivial 3D Fermi surface, sug-
gestive of nontrivial band topology. However, to con-
clusively determine whether Al6Re is topologically non-
trivial will require additional theoretical and experimen-
tal evidence. Since Al6Re may offer a unique platform
for investigating the interaction of topology with Type-I
superconductivity, in which Majorana fermions would be
constrained to the surface, fully determining the topo-
logical properties of this material should be a particular
priority.
This work is supported by the Ministry of Science
and Technology of China (Grants No. 2015CB921401 and
2016YFA0300503), the National Natural Science Founda-
tion of China (Grants No. 11674367 and 11650110428),
the NSAF (Grant No. U1630248), and the Zhejiang
Provincial Natural Science Foundation (Grant No.
LZ18A040002). DCP is supported by the Chinese
Academy of Sciences through 2018PM0036. CYX is sup-
ported by the Users with Excellence Project of Hefei Sci-
6ence Center CAS through 2018HSC-UE015.
∗ dpeets@nimte.ac.cn
† shiyan li@fudan.edu.cn
[1] N. P. Armitage, E. J. Mele, and A. Vishwanath, Weyl
and Dirac Semimetals in three-dimensional solids, Rev.
Mod. Phys. 90, 015001 (2018).
[2] C. K. Chiu, J. C. Teo, A. P. Schnyder, and S. Ryu, Classi-
fication of topological quantum matter with symmetries.
Rev. Mod. Phys. 88, 035005 (2016).
[3] C. Fang, H. M. Weng, X. Dai, and Z. Fang, Topological
nodal line semimetals, Chin. Phys. B 25, 117106 (2016).
[4] H. Weyl, Gravitation and the electron, Proc. Natl. Acad.
Sci USA 15, 323 (1929).
[5] P. A. M. Dirac, The quantum theory of the electron,
Proceedings of the Royal Society of London. Series A,
Containing Papers of a Mathematical and Physical Char-
acter, 117, 2053 (1928).
[6] S. M. Young, S. Zaheer, J. C. Y. Teo, C. L. Kane, E. J.
Mele, and A. M. Rappe, Dirac semimetal in three dimen-
sions, Phys. Rev. Lett. 108, 140405 (2012).
[7] X.-L. Qi and S.-C. Zhang, Topological insulators and su-
perconductors, Rev. Mod. Phys. 83, 1057 (2011).
[8] C. Nayak, S. H. Simon, A. Stern, M. Freedman, and S.
D. Sarma, Non-Abelian anyons and topological quantum
computation, Rev. Mod. Phys. 80, 1083 (2008).
[9] P. Zhang, K. Yaji, T. Hashimoto, Y. Ota, T. Kondo, K.
Okazaki, Z. Wang, J. Wen, G. Gu, H. Ding, and S. Shin,
Observation of topological superconductivity on the sur-
face of an iron-based superconductor, Science 360, 182
(2018).
[10] R. Tao, Y.-J. Yan, X. Liu, Z.-W. Wang, Y. Ando, Q.-H.
Wang, T. Zhang, and D. -L. Feng, Direct visualization of
the nematic superconductivity in CuxBi2Se3, Phys. Rev.
X 8, 041024 (2018).
[11] Q. Liu, C. Chen, T. Zhang, R. Peng, Y.-J. Yan, X.
Lou, Y.-L. Huang, J.-P. Tian, X.-L. Doong, G.-W.
Wang, W.-C. Bao, Q.-H. Wang, Z.-P. Yin, Z.-X. Zhao,
and D.-L. Feng, Robust and clean Majorana zero mode
in the vortex core of high-temperature superconductor
(Li0.84Fe0.16)OHFeSe, Phys. Rev. X 8, 041056 (2018).
[12] Darren C. Peets, E. J. Cheng, T. P. Ying, M. Kriener, X.
P. Shen, S. Y. Li, and D. L. Feng, Type-I Superconduc-
tivity in Al6Re, arXiv:1903.02301 (2019).
[13] T. T. Zhang, Y. Jiang, Z. D. Song, H. Huang, Y. Q. He, Z.
Fang, H. M. Weng and C. Fang, Catalogue of topological
electronic materials, Nature 566, 475 (2019).
[14] Topological properties and more for Al6Re can be found
at http://materiae.iphy.ac.cn/materials/MAT00012611.
[15] A. B. Pippard, Magnetoresistance in metals, (Cham-
bridge Univ. Press, Cambridge, 1989).
[16] S. Niemann and W. Jeitschko, The crystal structure of
Re2Al, Re4Al11, and ReAl6, Z. Naturforsch, 48, 1767
(1993).
[17] L. P. He, X. C. Hong, J. K. Dong, J. Pan, Z. Zhang,
J. Zhang, and S. Y. Li, Quantum transport evidence for
the three-dimensional Dirac semimetal phase in Cd3As2,
Phys. Rev. Lett 113, 246402 (2014).
[18] H. Murakawa, M. S. Bahramy, M. Tokunaga, Y. Kohama,
C.Bell, Y. Kaneko, N. Nagaosa, H. Y. Hwang, and Y.
Tokura, Weyl and Dirac semimetals in three-dimensional
solids, Science 342, 1490 (2013).
[19] D. Shoenberg, Magnetic oscillations in Metals (Cam-
bridge University Press, Cambridge, England, 1984).
[20] J. Hu, Z. J. Tang, J. Y. Liu, X. Liu, Y. L. Zhu, D. Graf,
K. Myhro, S. Tran, C. N. Lau, J. Wei, and Z. Q. Mao,
Evidence of topological nodal-line Fermions in ZrSiSe and
ZrSiTe, Phys. Rev. Lett. 117, 016602 (2016).
[21] Q. D. Gibson, L. M. Schoop, L. Muechler, L. S. Xie, M.
Hirschberger, N. P. Ong, R. Car, and R. J. Cava, Three-
dimensional Dirac semimetals: Design principles and
predictions of new materials, Phys. Rev. B 91, 205128
(2015).
[22] W. S. Gao, N. N. Hao, F-W. Zheng, W. Ning, M. Wu, X.
D. Zhu, G. L. Zheng, J. L. Zhang, J. W. Lu, H. W. Zhang,
C. Y. Xi, J. Y. Yang, H. F. Du, P. Zhang, Y. H. Zhang,
and M. L. Tian, Extremely Large Magnetoresistance in
a Topological Semimetal Candidate Pyrite PtBi2, Phys.
Rev. Lett. 118, 256601 (2017).
[23] J. Hu, Z. Tang, J. Liu, Y. Zhu, J. Wei, and Z. Mao,
Nearly massless Dirac fermions and strong Zeeman split-
ting in the nodal-line semimetal ZrSiS probed by de
Haas-van Alphen quantum oscillations, Phys. Rev. B. 96,
045127 (2017).
[24] O. Pavlosiuk, P. Swatek, and P. Wi´sniewski, Giant mag-
netoresistance, three-dimensional Fermi surface and ori-
gin of resistivity plateau in YSb semimetal, Sci. Rep. 6,
38691 (2016).
[25] T.-R. Chang, S.-Y. Xu, D. S. Sanchez, W.-F. Tsai, S.-M.
Huang, G.-Q. Chang, C.-H. Hsu, G. Bian, I. Belopol-
ski, Z.-M. Yu, S.A. Yang, T. Neupert, H.-T. Jeng, H.
Lin, and M. Z. Hasan, Type-II symmetry-protected topo-
logical Dirac semimetals, Phys. Rev. Lett. 119, 026404
(2017).
[26] K.-W. Chen, X. Lian, Y. Lai, N. Aryal, Y.-C. Chiu,
W. Lan, D. Graf, E. Manousakis, R. E. Baumbach,
and L. Balicas, Bulk Fermi surfaces of the Dirac type-
II semimetallic candidates MAl3 (Where M = V, Nb,
and Ta), Phys. Rev. Lett. 120, 206401 (2018).
[27] R. Singha, S. Roy, A. Pariari, B. Satpati, and P. Mandal,
Planar Hall effect in the type-II Dirac semimetal VAl3,
Phys. Rev. B 98, 081103(R) (2018).
